Saudi Arabia has been exploring the potential of renewable energy for many years. Saudi authorities, scientists, and researchers view the generation of renewable energy as a viable long-term energy strategy. Despite this, because Saudi Arabia is one of the leading oil producing nations and relies heavily on it as a form of energy and source of income, solar energy has not been given much serious consideration. However, it has become more and more evident that for the continuing prosperity of the nation and the inevitable gradual decline in long-term oil production, it is essential to explore and invest in alternative energy sources. The main objectives of this research are: i) to establish the potential of solar energy generation as a suitable, cost-effective alternative to petroleum products. ii) to establish the potential for maximizing renewable power generation to support the supply grid. This paper presents an examination of various economic and technological aspects of generating solar energy in Saudi Arabia. Using some existing data on the amount of solar radiation, a seasonal multiple linear forecasting method is used to generate forecasts for electric energy generation potential for 32 cities.
I. INTRODUCTION
Solar energy has been viewed by Saudi authorities, scientists, and researchers as a preferred this, the fact that Saudi Arabia is also one of the leading oil-producing nations and relies heavily on it as a form of energy, development, and distribution of electricity generated by solar power has not received serious consideration in the past. This research intends to examine the economic and technical aspect of solar energy development in Saudi Arabia and provides an approach to theanalysis of investments needed to achieve a successful gradual transition to solar energy.
1.1Problem Definition
The main objectives of this research are to study the potential of solar energy generation as a suitable, cost-effective alternative to petroleum products and to develop a methodology to evaluate the potential for maximizing renewable power generation to support the supply grid to Saudi cities. Using irradiation data collected from government sources, we develop a forecasting model for the amount of solar energy that can be produced in 32 major cities of Saudi Arabia. The output of the forecasting model is then fed into an economic analysis model. The economic model employs estimates of the current cost of petroleum production, cost per unit production of solar energy and various other costs accrued during the production and distribution of the power generated using solar panels. This model can be used to identify regions in Saudi Arabia that have the most exposure to solar irradiation and can be considered as suitable solar energy production zones.
Status ofNon-Renewable Energy inSaudi Arabia
Saudi Arabia's oil reserve is one of the largest in the world, which has led to significant development in this segment of the country's economy. Heavy focus on petroleum has partly been motivated by the fact that oil sales are high and form a major component of the country's income.
Statistics from 2010 indicate that income from oil made up about 90% of the country's total revenue. Saudi Arabia remains the largest exporter of petroleum-related products in the Middle East. Another major commodity is natural gas, for which Saudi Arabia was estimated to have the 4th largest reserves after Iran, Russia, and Qatar. Despite the rising interest and focus on renewable energy by consumers, research has shown that there is little motivation to explore and invest in alternative energy sources. The availability of non-renewable energy at a lower price places a barrier in the way of promoting renewable energy. High reliance on nonrenewable energy sources among consumers coupled with the production advantage has resulted in the domestic prices in Saudi Arabia for petroleum products, such as gasoline and natural gas, to be about 40% less than international prices.
1.3Status ofRenewable Energy inSaudi Arabia
In Saudi Arabia, solar energy is the largest potential source of renewables. Despite the convergence of several factors that would seem to make solar power a viable source of energy, it remains largely unutilized or underutilized. The issue is not just the use of solar energy by the consumer, but also a significant lack of production capacity. Research shows that there is little investment in solar energy, especially by the state, in contrast to its heavy involvement and investment in petroleum products. This means that there is little motivation among state stakeholders, energy sector engineers, and other professionals in the sector to develop an effective policy that can be relied upon to push forward the widespread adoption of solar energy in Saudi Arabia.
The renewable energy issue in Saudi is further complicated by the high reliance among consumers on petroleum products. This is because of the current low cost of petroleum-based energy, as well as the high initial investment required to install solar energy production centers. It is worth noting that the average investment required for nonrenewable energy surpasses that of renewable energy, which means that high consumption plays a role in driving the growth of non-renewable energy at the expense of solar energy. In fact, the majority of existing solar power generating ventures are funded by the private sector where, given the current state of technology, the costs end up being high and unsustainable in the long run.
II. LITERATURE REVIEW
Renewable energy, and specifically solar energy, have been the subject of various studies with different approaches. In this section, we discuss previous works on the potential for generating renewable energy in Saudi Arabia, the issues with generating and distributing electricity from renewable sources and benefits associated with it.
Housing sector accounts for 52% of Saudi Arabia's total electricity consumption, and they propose Zero Energy Homes (ZEHs) as one of the ways in which the Saudi government can enhance sustainable housing practices in the country [1] . The study concluded that ZEHs do have the ability to withstand certain weather conditions, as well as the capability to produce energy that sustains and exceeds their consumption. Saudi Arabia has an immense wealth of solar exposure, having 2,200 thermal Kilowatts hours per square meter [2] . This article analyzes various projects that the country initiated and discusses the lessons learned from their operation and maintenance. The experience gained while applying quantitative assessment to the environmental benefits, costs, and savings that Saudi Arabia may receive from implementing large-scale solar energy projects [3] . Being in a location that is described as a sun belt, Saudi Arabia could become one of the largest producers of solar energy [4] . According to the article, photovoltaic cells can be used to generate clean solar energy, and there is a notable decrease in solar energy production cost making it economically viable compared to conventional fossil fuel.
The position of using photovoltaic power in the United States, China, and Japan. The study also seeks to discuss the subject countries' current and future policies regarding the use of such energy source. In a bid to promote the use of PV, European countries have introduced incentives for using PV panels. Germany and Spain lead in the use of PV as a percentage of their total energy production, while America holds the third position [5] . The lessons drawn from two Saudi Arabian solar projects, namely the Energy Research Institute (ERI) together with the King Abdulaziz Science and Technology City (KACST) [6] . They discuss activities such as PV, solar water heating, desalination, and solar hydrogen production, among others that were evaluated for solar energy applications. The paper notes that the main challenges in the deployment of solar energy include high cost as well as the lower conversion efficiency.
The determinants of the real cost of electricity are timing, location, and a few other characteristics. A controversy exists in the quantification of the non-market value of the reduced emissions since it is difficult to quantify; that is, the benefits that accrue from reduced emissions, e.g. a reduction in green gas emissions, cannot have a market value placed on them easily. Taxes on emissions, as well as a tradable permit system, represent some of the proposed marketbased policies [7] . [8] .
Other article studies the commitment that various countries have made to renewable energy sources. They focus on 24 European countries while applying panel dynamic estimators. The paper also seeks to find the determinants that promote or hamper the implementation of the commitments and finds a positive relation between previous uses of renewable energy with the assessed period's usage. However, it lacks evidence that awareness plays a significant part in the use of renewable sources. They conclude that it was not the market that hampered the optimal use of renewable energy, but other sources were more influential mostly because of lack of stability in fossil fuel prices [9] .
III. METHODOLOGY
The methodology that was followed in this research is shown below. 
IV. DATA COLLECTION
This step included gathering the required data on the average solar irradiation in Saudi Arabia, the cost of solar panels, and other costs associated with the transmission of electricity from solar farms to consumer centers.
4.1Average Solar Irradiation in Saudi Arabia
The amount of available solar irradiation varies across Saudi Arabia. Some regions of the country provide the highest potential in the world when it comes to solar energy production [10] . They study generated the map shown in Fig. 1 [10] , indicating solar irradiation in different parts of Saudi Arabia.
Fig. 1 Map Showing Solar Irradiation in Different
Parts of Saudi Arabia [10] From the map, it is clear that the regions of Tabuk, Hagl, and Taif receive the highest irradiation levels; hence, they are the best candidates for the installation of solar energy farms. TABLE 1 shows the average, maximum, and minimum direct normal irradiance for selected cities. 
Cost of Solar Panels
The cost of solar panels is marketdependent, and it reflects the level of consumption of solar power as a preferred choice of energy. A realistic estimate of the cost of solar panel installations per Watt of electricity generated. Figure  2 shows the decreasing trend of the price for crystalline Si panels from 1977 to 2013 [12] . [12] .
Using the estimates provided in this article, it is possible to determine the cost of solar panels required based on the projected Watt capacity targeted by a specific solar project. From the graph, it is evident that in 2013 the average cost was US$0.74 per Watt of solar electricity generated.
The cost of installation of solar power systems has gone down dramatically since 2008, leading to increasing affordability and exponential growth across different countries. The data presented in Fig. 3 shows the average cost of solar power system installation between 2006 and 2014 in different developed nations [13] . 
3.2Number of Solar Panels for a Solar Panel Farm
For a solar panel farm, solar panels are usually arranged in the form of parabolic trough collectors. This is the system that has already been installed in some solar panel farms in the Middle East region. TABLE 2 provides a breakdown of the associated civil and structural, solar field and their share in percentage for different components during solar energy production [13] . 
4.2Electricity Produced per Solar Panel
The amount of electricity produced per solar panel depends on the peak solar irradiation time. During low irradiation times, the amount of electricity generated is not the same as during high irradiation times [14] . Consequently, a typical solar panel produces an average of 200 W per day, but this depends on the efficiency and the size of solar panel being used. Liorens adds that an array of 25 panels can produce five kWh [15] . However, Energy Australia places the output at 3.84 -4 kWh, while the Office of the Renewable Energy Regulator in Australia provides a figure of 3.79 kWh for Sydney [16] . This disagreement implies that it may not be possible to predict precisely the output that can be generated from a solar cell array. TABLE 3 provides an estimate of solar energy generated using solar panels in different parts of the world. 
4.3Cost of Transmission Lines
The estimates provided in this section were retrieved from Wartsila, leading manufacturing and energy Installations Company in Finland, specifically looking at estimates provided for the year 2011. The cost of building a transmission line largely depends on the model adopted for transmission. In the case of a tunnel transmission system, there will be fixed and variable costs associated with tunnel and shaft construction, tunnel boring machine costs, and overheads. The cost of a transmission line depends on whether it is an overhead or underground system. For the overhead system, there are single, double, and multiple circuits, all of which affect the cost of transmission [17] .
The cost of an underground system is significantly higher than the cost of an overhead system, mainly due to trenching costs. TABLE 4 compares the cost of these two transmission systems for different voltage lines [18] . Other substantive cost estimates for an overhead system, which would be the ideal choice in a solar energy transmission system [17] . According to these estimates, the costs for an overhead system will vary depending on the height of the tower. Juho adds that there are other costs associated with the civil construction process, such as earth excavation, earth filling, boxing work, concrete, iron fitting, land clearing costs (depending on the density of vegetation), engineering costs, and commissioning costs. Juho's illustration of the component costs for a typical transmission line can be seen in Fig. 4 . 
4.5Transfer of Electricity through Transmission Lines to Consumers
The transfer of electricity through the transmission lines to consumers should be done by pursuing a model that lowers the civil, material, engineering, and commissioning costs associated with the transmission line. This should take into consideration the load, which is mostly determined by the number of consumers to be connected. It should also consider the uses for which the generated electricity will be used (e.g., residential or industrial), as each may have different demands from the system.
5.6Status of Renewable Energy in Saudi Arabia
We use multiple linear regressions method of forecasting to predict the solar irradiation while considering the seasonality of the data. This approach analyzes a relationship between a dependent variable and several independent variables. To capture the seasonality of the irradiation data, sine and cosine functions have been included in the regression equation.
To illustrate the procedure for estimation of model parameters, we have used data from Tabuk City. The same process was then repeated for 31 other cities, and the regression coefficients for each city were estimated. We use the following linear regression model: Fig. 7 shows the actual data along with the forecast generated using equation 2. It is obvious that the seasonal regression equation fits the actual data reasonably well. The same seasonal regression model was employed to generate a forecasting equation for the other 31 cities. Additionally, to gauge the accuracy of the forecast, we computed the Mean Squared Error (MSE) and Mean Absolute Percentage Error (MAPE) for each city using the following formulas: 
4.6Modeling of Photovoltaic Generator Cost
It is important to understand what it costs to have a solar power system installed before any investment decision is made. Various models have been suggested to predict the cost of solar system installation. The most commonly used model is the Levelized Cost of Electricity (LCOE) generation model, which can be used to calculate the cost of installation of all renewable sources of energy [20] . The model makes use of the available information on solar radiation, ambient temperatures and manufacturer data for photovoltaic modules. Using this information and model input, the power output of the photovoltaic generator, P PV can be calculated using the following equation: [21] , the PV cell temperature can be expressed as:
Where a T is the ambient temperature in Celsius, UL is the overall heat loss coefficient in W per m 
The instantaneous efficiency of the PV generator can, therefore, be expressed as follows:
The parameters pt  , t  , NOCT, and A m depend on the type of module and are provided by the manufacturer.
4.7Estimation of the Number of Panels Needed in a Solar Power System
When planning for the installation of a solar power system for residential or industrial use, it is important to have a reasonably accurate estimate of the number of solar panels needed to meet the demand. This can help in estimating the total cost that is likely to be incurred in assembling the system. The following formula can be used in estimating the number solar panels required for a solar system installation: Number of solar panels = solar radiation power × surface area of panels in m 2 × efficiency × average days with sunshine per month (10) An average of 4.5 kWh/m 2 /day of solar radiation is commonly used in the United States. The values for every state are available on a map provided by the National Renewable Energy Laboratory (NREL) Resource Assessment Program. Most solar panels work at efficiencies of 7-17%. To fully cover a monthly power usage of 1000 kW, divide the figure obtained from equation (10) 
Estimation of the Cost of Solar Power
Despite the improved efficiency offered by modern solar power systems, many people throughout the world do not know what it costs to install a solar power system in their homes and are reluctant to do so due to the uncertainties involved. Residential solar systems typically range in size from 3-8 kW, which translates into a cost of between $15,000 and $40,000. In recent years, the cost per Watt, which includes the price of the parts of the system, labor costs, permitting fees, overhead costs, and profit, has been reduced significantly. The current cost per Watt stands at around $6-8 per Watt in most parts of the US [20] . Solar power systems benefit significantly from economies of scale, meaning that larger systems translate into a lower cost per Watt. To find the total cost of a typical solar power system, one must consider all components such as the installation cost and operation and maintenance costs [22] .
a) The Cost of Solar Panels
Solar panels usually account for approximately 30% of the total cost of a solar power system. A typical residential solar panel with a combined capacity of 3-8 kW costs between $4,000 and $16,000. It is important for solar power system users to know that the best solar panels are not necessarily the most expensive ones. The most reliable and most convenient way to rate the cost of solar panels is by considering their cost per Watt, the commonly accepted figure of merit. This is a reliable metric because it indicates the cost incurred in the acquisition of the solar panels as it relates to the power output. Due to widespread campaigns encouraging the use of renewable sources of energy, the cost of solar panels has been decreasing continually in recent years. Currently, the typical wholesale price of solar panels is well below $0.70/W. For homeowners who buy small quantities at retail prices, this figure translates into approximately $1.50/W [22] .
b) Balance of System
"Balance of system" refers to all the components of the solar system except for the panels themselves.
The balance of system includes components such as inverters, of which there may be one or several, the mounts, the wiring system and other electrical components of the system. The balance of system represents approximately 20% of the total cost of the system. For homeowners, the expected cost of assembling the balance of system ranges from $3,000 to $10,000 [22] .
4.8The Cost Model and Equations for Solar Systems
The preferred cost model for renewable sources of energy, according to the International Renewable Energy Agency (IRENA), is the LCOE model. This model is based on a discounted cash flow (DCF) analysis to a common basis, taking into account the effect of time on the value of money [23] . The fact that most renewable sources of energy require a huge initial capital investment followed by almost zero operational cost means that the weighted average cost of capital (WACC), or the discounted rate used to evaluate the project, has a critical impact on the Levelized Cost of Electricity (LCOE) [20] .The LCOE is defined mathematically as:
Where load E is the yearly output in kWh, TPV and CRF are the Total Present Value of the actual cost of all system components and the Capital Recovery Factor, respectively, which can be expressed as follows [24] : (12) And TPV = C pv (13) Where i is the annual discount rate, n is the system life in years, pv C is the sum of the present value of capital and maintenance costs of the PV generator in system life. The configuration with the lowest LCOE is taken as the optimal one from the set of configurations which guarantee the required LPSP (Loss of Power Supply Probability, an indicator of power system reliability).
There are many potential trade-offs that have to be taken into consideration when developing an LCOE modeling approach to the cost of renewable energy. First, the model is a simplistic approach because it needs to be applicable to a wider range of technologies in different countries and regions [20] . The analysis method is, however, transparent and easily understood. Also, more detailed LCOE analysis results in a significantly higher overhead regarding the many assumptions that have to be made. This means that the equations are, probably, more accurate [20] . The overall formula used for the calculation of the LCOE in $/kWh for renewable energy technology is [20] : Where LCOE is the average lifetime levelized cost of electricity generation, I t is the investment expenditure in year t, M t is the operation and maintenance expenditures in year t, F t is the amount in fuel expenditures in year t, E t is the electricity generation in year t, r is the discount rate, and n is the economic life of the system in years.
4.9Applying the Cost Model to Tabuk City
As a demonstration of how the cost model works, we will use the data for Tabuk City and show the steps for cost modeling in detail for a solar farm consisting of 12,729 solar panels. TABLE 7, below, provides the nameplate generation capacity of solar panels given in units of GW for Tabuk City. The second item given in the table is the capacity factor, which is the ratio of a power plant's actual power output to its potential output if it were possibly operating consistently at full nameplate capacity.
The total electricity generation capacity by the solar panel is 25.8 MW, the capacity factor is 16%, and 36,161 GWh are produced annually using solar panels. Annual Generation GWh 36,161 Table 8 shows the capital cost calculations; it shows the capital cost rate, capital cost, capital cost for transmission and distribution additions, and the total capital cost for solar panels. The cost of capital describes the opportunity cost of making a particular investment. It is the rate of return that could have been earned by putting the same amount of money into a different investment with an equal amount of risk. In the same context, the capital cost of transmission and distribution refers to the opportunity cost of making the transmission and distribution of the solar panels. Total Capital Cost $Million $215.12 Table 9 shows the LCOE, the cost of operating and building a generating plant for the period of an assumed financial life and duty cycle. This table provides the LCOE for both the system and technology in $/MWh. It also shows the sum of the total cost of electricity for the transmission and distribution for solar panels and provides the total levelized cost in $/MWh. For the technology LCOE, $394/MWh is spent for solar panels, while $164 /MWh is spent on the system LCOE. The LCOE for transmission & distribution adds a total of $60/MWh. Summing up the LCOE, a total of $225/MWh results. TABLE 10 contains the total gross plant cost, total sent out plant cost, plant size, capacity factor, auxiliary load, thermal efficiency, fuel cost, CO 2 transport and storage, fixed O&M, variable O&M, plant life in years, discount rate and capital recovery factor. Total gross plant cost is the amount paid for any owned asset. Plant size describes the physical dimensions of a plant. The auxiliary load is the device used to provide power for performing different functions. Fixed O&M is the cost used for the operation and maintenance of the plant. Plant life describes the duration of which the plant can survive and function properly. The capital recovery factor is the ratio of a constant annuity to the current value of acquiring that annuity for a specific duration of time. TABLE 9 below shows that the total (gross and sent out) plant cost of solar panels is $4,650. The sizes of the solar panels are 1x5 and 10x5. The capacity factor of the solar panels is 16%. The auxiliary load is zero, which shows that neither uses any external device to provide power. The thermal efficiency, fuel cost, and CO 2 transport and storage are not available. The capital recovery factor of the solar panels is 0.1070. 0.1070 Table 11 shows the LCOE calculator for solar panels. It includes capital charges, fixed and variable O&M costs, and fuel costs. Summing these all up, we can see that the solar panels require an investment of $394/MWh. 
V. RESULTS AND DISCUSSION
The objectives of this research were: i. Develop forecasting model for the amount of irradiation that can be produced in 32 major cities of Saudi Arabia so that can be input to the economic analysis model. ii. Develop an economic analysis model to investigate the potential of solar energy as a cost-effective, suitable alternative to using petroleum products to generate power.
5.1Forecasting andSolar Power Model
32 locations for solar stations were selected among all cities in Saudi Arabia. Details of the solar output of the selected locations are shown in TABLE 12 and depicted in Fig. 8 . Also, model validation was done to assess the aptness of the forecasting models that were developed for each location. From the data collected for the demand at each city, the solar output and the number of required solar panels to meet the demand are shown for all 32 locations.
The model was run for different cities to report the output that can be generated from each location. Based on the model and the available data, users should be able to perform proper analysis to reach accurate conclusions. For example, in these results, Riyadh City has the highest amount of solar output at 32.22 GW, which represents 19.89% of the total output of all 32 locations. This is due to the ever increasing demand for energy from the population and businesses in the city, which contains 7 million people. In total, 20% of the country's total electricity consumption is due to the demand from Riyadh City.A large portion of Saudi Arabia's electricity consumption is from the housing sector [1] .
From Fig. 8 , it is clear that the regions of Tabuk, Arar, Taif, Riyadh, Dammam, and Jeddah receive the highest output of solar irradiation levels; hence, they are best suited for the installation of solar energy farm. TABLE 15 shows the annual electricity generation statistics for all 32 cities. According to these statistics, the total electricity generation by fuel is 45.1 GW. In total, the cost of producing that amount of power is $2,300 M/MWh. Thus, the total cost of generating power by fuel represents just 25.6% of the total cost of generating power from solar panels. Using statistical analysis, it was demonstratedthat building new farms of solar panels and wind turbines further reduce generation expenses. This recommendation, if adopted, could result in significant cost savings for Saudi Arabia. 
VI. CONCLUSION AND RECOMMENDATIONS FOR FUTURE WORK
This research was aimed at applying economic and sensitivity analyses to solar energy generation as compared to the use of non-renewable energy sources in Saudi Arabia.
Economic and sensitivity analyses of data collected at King Abdullah City for Atomic and Renewable Energy showed thatamong the several forecasting models tested, itwas found that the best method was Multiple Linear Regression with Sine and Cosine terms. Therefore, these models were developed for all 32 cities so that they can be used to forecast solar irradiation in the future.
In the course of this research, a model was also applied to find the power output of the solar generator , and N, the number of modules in the system. The result of that model was used to find the power generation output for all 32 cities. Riyadh City was found to have the largest amount of potential output. Hence, Riyadh City is the best candidate city for the construction of a solar farm.
Concentrating solar power technology utilizes focused sunlight. Concentrating solar power plants generate electric power by using mirrors to concentrate the sun's energy and convert it into hightemperature heat. That heat is then channeled through a conventional generator. The plants consist of two parts: one that collects solar energy and converts it to heat, and another that converts the heat energy to electricity. Concentrating solar power technology utilizes three alternative technological approaches: trough systems, power tower systems, and dish/engine systems.
The solar panel system is capable of storing enough energy to produce power 6 hours after the Sun had set by using thermal storage. Solar panel plants can potentially operate for 65 percent of the year without the need for a backup fuel source. Also, the plant will have a capability with up to 6 hours' worth of storage. However, in aggregate, it is sensitive. On cloudy or rainy days, the plant should have a storage capacity to compensate for the inability to produce energy on those days and, if needed, be able to generate power using diesel and natural gas as a back-up.
This study focused on forecasting solar irradiation monthly over a period of 20 years, the potential output of solar power, and the total cost of generating and transmitting that power in Saudi Arabia. Below are several recommendations for further research:  Include additional analysis to study the potential for maximizing renewable power generation to support the grid supply from Saudi Arabia to other nations.  Enhance the predictive capability of the forecasting equations by using hourly data of solar irradiation in the selected cities.  Develop prediction intervals on forecasts obtained from the seasonal model so that an upper and a lower limit on the expected costs associated with each option studied may be developed.
